Electric-field-induced changes in the absorption, fluorescence, and phosphorescence spectra of 4-(dimethylamino)benzonitrile (DMABN) doped in a polymer film were measured, and the electric dipole moment and molecular polarizability in the locally excited (LE) and charge transfer (CT) singlet states as well as in the phosphorescent triplet state were evaluated. Time-resolved fluorescence measurements both in the absence and in the presence of electric fields were also carried out. A field-induced change in the quantum yield of the LE and CT fluorescence as well as of the phosphorescence is found and the charge transfer from the LE to the CT state is shown to be accelerated by an electric field, resulting in the field-induced decrease in the population ratio of the LE relative to the CT state. The dipole moment of the phosphorescent triplet state is found to be smaller than that of the LE state, with a value similar to that of the ground state.
Introduction
Dual fluorescence of 4-(dimethylamino)benzonitrile (DMABN) discovered by Lippert 1 has received considerable attention involving excitation dynamics and the properties of the emitting states. A large number of publications have appeared on steadystate fluorescence and time-resolved optical measurements of emission, absorption as well as Raman and infrared spectra. [2] [3] [4] [5] [6] [7] [8] [9] [10] It is now widely accepted that the formation of a highly polar (charge transfer) excited state via the locally excited (LE) state is essential for the appearance of dual fluorescence, and a large electric dipole moment in the excited state has been reported for the CT state. 4, 11 Since the twisted intramolecular charge transfer (TICT) mechanism was proposed by Grabowski et al., DMABN has become well known as the representative of the so-called TICT molecules, 3, 12, 13 but a controversy still exists concerning the conformational change taking place during the reaction from the LE state to the CT state. 14, 15 In the TICT model, a twisting of the amino group to a conformer perpendicular to the phenyl plane is considered to occur during the charge-transfer process from the LE state, which is assumed to have a coplanar configuration. 2, 3, 12, 13 In a series of dual fluorescent 4-aminobenzonitriles, however, no evidence supporting the importance of a rotation of the amino group was found. This led to the introduction of the planar intramolecular charge transfer (PICT) model, in which the CT state has an essentially planarized configuration with a less-pyramidal amino nitrogen atom than in the LE state. [15] [16] [17] [18] [19] [20] It was also pointed out in the PICT model that a small energy gap between the two lowest singlet excited states is required for the occurrence of an ICT reaction in DMABN.
When DMABN is confined in a rigid medium, which prevents a large amplitude conformational change in the amino group, an intramolecular CT process could not take place within the context of the TICT model. When the PICT model is applicable to DMABN, however, a CT process would be possible even when conformational changes are strongly restricted. In addition, according to the PICT model, the rate of the CT process should be very sensitive to shifts in the energy levels induced by an external perturbation. A control of the conformational change and an induction of the energy level shift may be brought about by applying an external electric field following the doping of a molecule into a rigid polymer film. When an electric field is applied to a molecule from the outside, two kinds of influences are expected on the absorption as well as on the emission spectra. The first influence is due to the orientation effect. Unless a molecule is fixed rigidly in a medium, it will be partially aligned because of the presence of the orientational polarizability that is induced by the interaction between the electric dipole moment and the applied electric field. The second influence is due to the intrinsic effect of the molecules and the so-called Stark shift in the energy levels taking place in the presence of electric fields, which results in a spectral shift or spectral broadening. The latter effect remains even when the molecule is rigidly fixed and cannot reorient. For DMABN in solution, both effects as well as a free conformational change may operate, but only the Stark shift may be expected when DMABN molecules are doped in a rigid polymer film. Therefore, the study of electric field effects on the optical spectra and on the dynamics of molecules doped in a rigid film is of substantial interest in the examination of the CT mechanism of DMABN. We noted that experiments on external electric field effects of DMABN doped in a polymer film offer the advantage that much higher electric fields can be applied than is possible in solution; an electric field as strong as 1 MV cm -1 could be applied in polymer films, but the applicable field strength in solution is estimated to be 0.2 MV cm -1 at the highest.
In the present study, electric field effects on the absorption, fluorescence, and phosphorescence spectra of DMABN doped in a polymer film are examined under vacuum as well as under normal atmospheric conditions. On the basis of these results, the electric dipole moment and the molecular polarizability both in the Franck-Condon state prepared by optical absorption and in the excited singlet and triplet states are determined. These results are compared with those obtained in solution by using other methods, such as electrooptical emission (EOEM) or timeresolved microwave conductivity measurements (TRMC), 4, 11 and the electric properties of the excited states of DMABN in a polymer film are discussed. Electric field effects on the photochemical processes taking place in the excited state of DMABN in PMMA are also discussed by examining the fieldinduced change in the quantum yield of the LE and CT fluorescence emissions as well as that of the phosphorescence. In addition, time-resolved measurements of the field-induced changes in the fluorescence decay profile of DMABN doped in a PMMA film are reported.
Experimental Section
DMABN (Aldrich) was purified by recrystalization and vacuum sublimation. Polymethyl methacrylate (PMMA, MW ) 120,000, Aldrich) was purified by precipitation with a mixture of methanol and benzene followed by an extraction with hot methanol. Spectral grade benzene was used as solvent without further purification.
DMABN was dissolved in a benzene solution containing PMMA. The resulting solution was poured onto an ITO-coated quartz substrate by using the spin coating method, and the polymer films were evaporated in vacuo to completely eliminate benzene. The concentration of DMABN was in the range of 0.1 to 5 mol % in its ratio to the monomer unit of PMMA. After casting and drying the polymer film, a semi-transparent aluminum film was deposited by the vacuum vapor deposition technique. Aluminum and ITO films were used as electrodes. The thickness of the polymer films was determined by using a thickness measurement system (Nanometrics, M3000).
Optical spectra were measured both in vacuo and under atmospheric pressure at room temperature (∼293 K). Plots of the field-induced change in absorption intensity (∆A) or in emission intensity (∆I E ) as a function of wavelength, which are referred to as the E-A and E-E spectrum, respectively, were measured using electric field modulation spectroscopy with the same apparatus as reported previously. 21, 22 Polarization measurements of the E-A spectra were carried out by using a GlanTaylor prism polarizer (CASIX, PGT8210). In the emission measurements, unpolarized light was used for excitation, and unpolarized emission was detected with a propagation direction perpendicular to that of the excitation light. A sinusoidal ac voltage was applied to the samples, and the value of ∆A or ∆I E was detected with a lock-in amplifier at the second harmonic of the modulation frequency. Hereafter, applied electric field is denoted by F, and its strength is represented in rms.
E-E spectra were also measured at a low temperature of 45 K in vacuo. The sample substrate was cooled using a cryogenic refrigerating system (Daikin, V202C5LR) equipped with quartz optical windows, and the temperature of the substrate was monitored using a temperature controller (Scientific Instruments, model 9600) with a silicon diode thermometer (Scientific Instruments, Si410A).
Time-resolved measurements of the fluorescence intensity in the presence and absence of F were carried out at room temperature by combining a single-photon counting lifetime measurement system with a homemade pulse generator supplying a bipolar square wave. The measurement system for emission decay and its field-induced change are described elsewhere. 23 Briefly, the emission and scattered light were detected with a microchannel plate photomultiplier (Hamamatsu R3809U-52). The excitation light source was a Ti:Sapphire laser (Tsunami, Spectra Physics) pumped by an LD laser (Millennia Xs, Spectra-Physics). The repetition rate of the laser pulse was selected to be 2 MHz with an E. O. Modulator (Model 350-160, Conoptics). The third harmonic generated by an ultrafast harmonic system (Inrad, Model 5-050) was used for excitation. The pulse width of the laser light was about 200 fs, but the actual time resolution of the decay profile is determined by the detector. The bandwidth of the instrument response function (fwhm) was ∼60 ps when the decay profile was measured with a time interval of 6.1 ps/channel.
Results and Discussion

Steady-State
Measurements of E-A and E-E Spectra. Figure 1 shows the absorption and E-A spectra of DMABN doped in a PMMA polymer film at a concentration of 0.1 mol %, together with the first and the second derivatives of the absorption spectrum. The E-A spectrum was obtained at room temperature under magic angle conditions between the polarization direction of the linearly polarized excitation light and that of the applied electric field. The E-A spectra of DMABN in the region of 25 000-40 000 cm -1 can be simulated well by a linear combination of the first and second derivatives of the absorption spectrum ( Figure 1 ).
In the presence of F, the energy levels of DMABN are shifted, depending on the electric dipole moment and molecular polarizability of the ground and excited states. As a result, the absorption spectra as well as the emission spectra are shifted. An expression for the absorption intensity in the presence of an applied electric field was derived by Liptay. 24 By assuming that the original isotropic distribution in rigid matrixes such as PMMA polymer films is maintained in the presence of F, the change in absorption intensity at wavenumber, ν, in the presence of F, that is, ∆A(ν), is given by the following equation 24, 25 where f represents the internal field factor. The coefficient A depends on the change in transition dipole moment, and B and C are given by eqs 2 and 3 where h represents the Planck's constant and c is the speed of light. ∆µ and ∆R are the differences in electric dipole moment and polarizability tensor, respectively, between the ground (g) and excited (e) states. They are given by eq 4 where ∆µ ) µ e -µ g and ∆R ) R e -R g . ∆R m in eq 2 denotes the diagonal component of ∆R with respect to the direction of the transition dipole moment, is the angle between the direction of F and the electric vector of the excitation light, and is the angle between the direction of ∆µ and the transition dipole moment.
The magnitude of ∆A integrated over the full spectral band relative to the total absorption intensity is nearly zero, implying that the transition dipole as well as the radiative decay rate is not noticeably influenced by F. The magnitudes of ∆µ and ∆R for the absorption of DMABN were determined from the first and second derivative components, respectively (Table 1) . These values are practically independent of the DMABN concentration doped in the polymer film. Note that in eqs 2 and 3 is taken to be 54.7°for the E-A spectrum shown in Figure 1 . Usually, the internal field is not the same as the applied electric field because of the dielectric properties of the environment, that is, f * 1 in eq 1. As an appropriate approximation, the Lorentz field correction may be used for the internal field, f ) ( + 2)/3, with the dielectric constant of the material. 26 The dielectric constant of PMMA is 3.6 ( 0.3; 27 therefore, the internal field is about twice as large as the applied field. The magnitudes of the field-induced change in emission intensity, ∆R and ∆µ (Table 1) , were evaluated in the present study by using the Lorentz field correction.
E-E spectra of DMABN doped in a PMMA film at a concentration of 0.1 mol % were observed with excitation at 306.5 nm, where ∆A is negligible (Figure 1) . Note that the measurements of the E-A spectra are essential not only for the evaluation of the Stark shift upon excitation but also for finding the adequate excitation wavelength for the measurements of the E-E spectra. Figures 2 and 3 show the results observed at atmospheric pressure and under vacuum conditions, respectively, at room temperature. Emission spectra in vacuo show a strong band with a peak at 441 nm, which is not observed at atmospheric pressure (Figures 2 and 3 ). This band is assigned to the phosphorescence of DMABN. 28 The phosphorescence is quenched by atmospheric oxygen (Figure 3) , and a strong band at 350 nm observed at atmospheric pressure is assigned as the fluorescence of DMABN. The spectral shape of the fluorescence and phosphorescence is generally regarded to be unaffected by oxygen at atmospheric pressure, and the phosphorescence spectrum was obtained by subtracting the emission spectrum observed under atmospheric conditions from that in vacuo, normalizing on the peak at 350 nm. The E-E spectrum of the phosphorescence of DMABN was similarly obtained by assuming that the E-E fluorescence spectra have an identical shape in vacuo as well as at atmospheric pressure. The results are shown in Figure 4 . Hereafter, E-E spectra of fluorescence and phosphorescence are referred to as E-F and E-P spectra, respectively. The E-F and the E-P spectra obtained at the second harmonic of the modulation frequency in a polymer film are considered to be described by an equation similar to eq 1, that is, by a linear combination of the corresponding emission spectrum and its first and second derivative spectra. The first and second derivative components correspond to the spectral shift and the spectral broadening, respectively, resulting from the difference in molecular polarizability and electric dipole moment between the emitting state and the ground state. The component of the E-F or E-P spectrum that gives the same shape as the emission spectrum corresponds to the field-induced change in emission quantum yield. Then, the observed E-F spectrum and the E-P spectrum may be simulated by a linear combination of the zeroth, first, and second derivatives of the corresponding emission spectrum.
As shown in Figure 4 , the integration of the E-P spectrum of DMABN over the whole spectral region results in a negative value, indicating that the phosphorescence quantum yield decreases in the presence of F. In fact, the E-P spectrum is reproduced by a linear combination of the phosphorescence spectrum and its first derivative without including the second derivative (Figure 4) . Because the C term (eq 3), which appears in the second derivative and is associated with an change in the dipole moment, is not involved in the reproduction of the E-P spectrum, we conclude that the dipole moment of the phosphorescent triplet state (T 1 ) is practically the same as that of the ground state. From the first derivative part of the E-P spectra, the magnitude of ∆R between the triplet state and the ground state is estimated to be 8 Å 3 by assuming that DMABN is isotropic, that is, ∆R m ) ∆R j in eq 2. The finding that the magnitude of the difference, ∆µ, between the T 1 state and the ground state is nearly zero is an indication that the T 1 state is not a CT state, which is in agreement with the results reported previously. 4, 5, [29] [30] [31] The fact that the phosphorescence quantum yield of DMABN in PMMA decreases in the presence of an electric field F implies that the T 1 state is produced by intersystem crossing from the LE fluorescent state, having a population that decreases by a field-induced increase in the photoinduced intramolecular charge transfer.
We failed to reproduce an E-F spectrum by a superposition of the zeroth, first, and second derivatives of a total fluorescence spectrum (figure not shown). Remember that the emission spectrum of DMABN in a PMMA film at atmospheric environment is composed of LE and CT fluorescence spectra because the phosphorescence is quenched by oxygen. 28 Thus, this failure suggests that LE and CT fluorescence emissions undergo an electric field effect in a different manner. The peak at 350 nm (Figure 2a ) is assigned to LE fluorescence, whereas the fluorescence from the CT state is known to be located at longer wavelengths than that of the LE state. The CT fluorescence spectrum was separated by subtracting the emission spectrum of DMABN observed in the n-hexane solution from that observed in the film at atmospheric pressure by normalizing the peak at 350 nm (Figure 2a) . Note that the CT fluorescence of DMABN is not observed in the n-hexane solution. [32] [33] [34] The fluorescence of DMABN in this solvent shows a peak at 351 nm; therefore the spectrum was blue shifted by 1 nm for the subtraction. The resulting spectrum, which is assigned to the CT fluorescence of DMABN, has a peak at ∼420 nm, in agreement with the CT fluorescence spectrum in PMMA that is reported in the literature. 28 After separating the LE and CT fluorescence spectra, we have successfully reproduced a total E-F spectrum observed under atmospheric condition by a superposition of the E-F spectra of LE and CT fluorescence. Note that each E-F spectrum of LE and CT is composed of a superposition of the zeroth (Figure  2a) , first, and second derivatives of LE and CT fluorescence spectra (Figure 2b) . The reproduced E-F spectrum is shown in Figure 2c , together with the experimental E-F spectrum. The field-induced change in quantum yield of the LE and CT emissions was estimated from the zeroth derivative parts, and the results are presented in Table 1 . The magnitudes of ∆µ and ∆R, resulting as a consequence of the emission process, were determined from the first and the second derivative parts of both emissions by assuming that the angle-dependent term in eqs 2 and 3 is negligible. The results are listed in Table 1 . Note that these data were determined by using the Lorentz field correction.
The Stark shift that was observed in the present experiments does not provide a sign of the change in ∆µ, but the absolute value of the dipole moment as well as the molecular polarizability in both fluorescent states (LE and CT) may be regarded to be larger than in the ground state. The present results are compared with those obtained by other techniques. The groundstate dipole moment was reported to be 6.6 D in 1,4-dioxane. 4 When it is assumed that this value also holds for DMABN doped in PMMA, the electric dipole moments of DMABN in the Franck-Condon state prepared by absorption, the LE, the CT and the T 1 states, are determined to be 9.8, 10.0, 13.5, and 6.6 D, respectively, in PMMA (Table 1) . With the TRMC method, 4 the electric dipole moment of DMABN in solution was found to be 9.9, 17, and 11.9 D for the LE and CT singlet states and the lowest triplet state, respectively. The dipole moment was also reported to be 5.8 D for the LE state and 16 D for the CT state with the EOEM technique. 11 Invariably, the CT emitting state has a larger dipole moment than the LE emitting state, which confirms the charge-transfer character of the ICT state. The EOEM method shows that the dipole moment of the LE state is somewhat smaller than that of the ground state, whereas the dipole moment of the LE state was estimated to be 11.4 D by solvatochromism measurements. 11 The results reported here show that the LE state, as well as the Franck-Condon state prepared by optical absorption, has a dipole moment as large as 10 D, which shows that the LE state is strongly polar. This value is very close to the one determined from the TRMC and the solvatochromic measurements. In contrast to the fluorescent states, the dipole moment of 6.6 D found here for DMABN in the triplet state is similar to that in the ground state, implying that intersystem crossing to the triplet state from the singlet CT state is in fact a back electron transfer. The lowest triplet state is regarded to have a dipole moment smaller than that of LE. By TRMC measurements, a considerably larger dipole moment (12 D) has been reported for the triplet state of DMABN in cyclohexane and 1,4-dioxane. 4 The result in cyclohexane was based on a value of 0.18 for the intersystem crossing yield, Φ isc . With the recent averaged value of 0.82 determined for the Φ isc of DMABN in four alkane solvents at 25°C, 34 we obtained a considerably lower dipole moment of 8.1 D for the T 1 state of DMABN, much closer to the 6.6 D determined here in PMMA.
Both in vacuo and at atmospheric pressure, the quantum yield of the LE fluorescence decreases in the presence of F, which suggests that the LE f CT charge-transfer reaction is accelerated by F. In fact, the E-E spectra at atmospheric pressure were simulated by assuming that the CT fluorescence yield is increased by F. This field dependence is related to the solvent effect; the CT fluorescence becomes stronger as the polarity of the solvent becomes larger, 35, 36 which implies that the application of F plays a role that is similar to an increase in the solvent polarity. The present results show that with DMABN in PMMA the CT process is still influenced by F. This is not surprising because it has been found that DMABN shows dual fluorescence in ethanol glasses below the glass transition point, which seems to provide evidence against the occurrence of a large amplitude motion such as TICT during the ICT reaction. 18 Room temperature is much lower than the glass transition temperature of PMMA (387 K), so there is no doubt that the translational and rotational motion of DMABN are restricted. 37, 38 However, the degree of restriction in PMMA, which probably depends on the size of the dopant dye and on the dye-PMMA interaction, is not known well for DMABN. A question may then arise, whether the CT process of DMABN and its electric field effect in PMMA are attributed to a molecular motion that may occur slightly in PMMA at room temperature. With respect to this problem, the temperature dependence of emission and E-E spectra seem to be very informative. Therefore, emission and E-E spectra of DMABN doped in PMMA were observed at a low temperature of 45 K in vacuo. The results are very similar to the ones observed at room temperature; LE fluorescence is quenched by F, whereas CT fluorescence is enhanced by F, irrespective of temperature. The magnitude of the fieldinduced change in quantum yield at 45 K is nearly the same as that at room temperature for both LE and CT emissions. A noticeable difference in emission and E-E spectra between room temperature and 45 K is that the phosphorescence intensity is slightly enhanced by lowering the temperature, and as a result, the intensity of the E-P spectrum becomes stronger at 45 K than it is at room temperature. These results seem to show clearly that a large amplitude motion such as TICT is not necessary during the ICT reaction and that ICT reaction is influenced by F as a result of the field-induced shift in energy levels.
The refractive index of the matrix (PMMA) may change in the presence of an electric field, that is, the so-called DC Kerr effect is expected. 39 It may be pointed out that the field-induced change in emission quantum yield results from the change in radiative decay rate constant, as a result of the field-induced change in refractive index of PMMA. Note that the radiative decay rate constant depends on the refractive index of the matrix. 40 To examine this field effect, we evaluated the magnitude of the DC Kerr effect for PMMA. In the presence of a static electric field, the birefringence (∆n) is given as follows where λ is light wavelength, B is the Kerr constant, and F is the applied field strength. The B value of PMMA film is reported to be 1.5 × 10 -15 mV -2 . 39 In the present experiments, light excitation was at around 300 nm, and the applied field strength was 1MV cm -1 ,that is, 1 × 10 8 Vm -1 ; therefore, ∆n is estimated to be 4.6 × 10 -6 . The magnitude of the field-induced change in refractive index is considered to be the same order of magnitude as ∆n. The refractive index (n) of PMMA at 300 nm is considered to be not too different from 1.5, which is the refractive index of PMMA at around 450 nm. 27 Thus, the ratio of ∆n/n (about ∼3 × 10 -6 ) is several orders of magnitude smaller than the magnitude of the field-induced change in fluorescence intensity or in preexponential factor of the fluorescence decay (>1 × 10 -3 ) . Therefore, the change in the radia-
tive decay rate induced by a field-induced change in refractive index of PMMA is negligible in the present experiments.
Time-Resolved Measurements of the Field-Induced Change in Fluorescence Decay
Profile. Direct measurements of the field-induced change in the fluorescence decay profile of DMABN in PMMA also indicate that the charge-transfer process is accelerated by an electric field. Figure 5 shows emission decays of DMABN doped in a PMMA polymer film at 0.1 mol % observed at zero field and in the presence of an electric field of 1.0 MV cm -1 . These decays were measured at atmospheric pressure at room temperature by monitoring the emission at 350 and 423 nm, respectively, corresponding to the LE and CT fluorescence emissions. The difference I F (t) -I 0 (t) between the decay at zero field (I 0 (t)) and that at 1.0 MV cm -1 (I F (t)), referred to as ∆I f (t), and the ratio I F (t)/I 0 (t) are also shown in Figure 5 .
We note that the fluorescence decays of DMABN doped in a PMMA polymer are expressed by a biexponential function, I F (t) ) A 1 exp(-t/τ 1 ) + A 2 exp(-t/τ 2 ), as reported by AlHassan, 41 and the two decay times and their preexponential factors are shown in Table 2 for the LE and CT fluorescence emissions. When the LE and CT states are in equilibrium, the decay times τ 1 and τ 2 of both states must be the same, as shown to be the case in solution. 3 In contrast with the results in solution, however, the decay times of the CT fluorescence are somewhat longer than that of the LE fluorescence. As the origin of the multiexponential decays as well as of the disagreement between the LE and CT fluorescence decay times, the complex anisotropic PMMA environment may be envisaged, in which DMABN may show a variation of fluorescence properties because its fluorescence yield and decay time are known to depend on the nature of the solvent matrix. DMABN molecules in different PMMA environments may, therefore, show different decay times and different population ratios between the LE and CT states, even when the equilibrium between LE and CT states is established. As a result, the fluorescence decay times may depend on the monitoring wavelength, as observed in the present experiments in PMMA. The validity of this assumption may be rationalized by the single molecule spectroscopy of a dye chromophore doped in a PMMA matrix investigated by Ishikawa et al. 42 They found that the fluorescence histogram of crystal violet (CV) shows a bimodal distribution in PMMA. On the basis of this, it was suggested that the sites in a PMMA matrix are roughly separated into two classes, namely, viscous and lessviscous sites, which causes the interaction of individual CV molecules with PMMA to be different from site to site. The biexponential fluorescence decay of DMABN observed here in PMMA seems to correspond well with the results of CV in PMMA.
The fast decaying portion of the fluorescence of DMABN, with a decay time around 20 ps at 25°C in a 1,4-dioxane solution, 4, 43 was not observed in a PMMA polymer film, and only the slowly decaying portion (ns region) was obtained. In agreement with the steady-state E-E spectra, the ∆I f (t) of the LE fluorescence at 350 nm is negative over the whole time region, showing the field-induced quenching of the LE fluorescence. The time dependence of ∆I f (t) is similar to the decay profile itself, indicating that the population of the fluorescent LE state, but not the fluorescence decay, is influenced by F. As a result, I F (t)/I 0 (t) is nearly constant during the entire decay for the LE as well as the CT fluorescence emission ( Figure 5) . In contrast to the LE fluorescence, ∆I f (t) of the CT fluorescence is positive over the full decay, and the time-dependence of ∆I f (t) is also practically identical in shape to the decay profile itself. These results indicate that the population lifetime of the LE and CT fluorescent states in equilibrium is not influenced by F and that only the population ratio between the fluorescent LE and CT states is influenced by an electric field. The fieldinduced population increase in the CT state and the corresponding decrease in the LE state show that the initial step of the charge transfer process from the LE to the CT state is enhanced by an electric field, as expected from the steady-state measurements of electric field effects on fluorescence, as described above. In fact, only the preexponential factors, but not the decay times, of the fluorescence are influenced by the field F, as shown in Table 2 . The observed field effects on the preexponential factor implies that the rate of the initial charge-transfer step increases by a factor of 0.5-1.0% in the presence of 1 MV cm -1 .
Electric field effects on the LE fluorescence decay of DMABN in PMMA were also measured under vacuum conditions at room temperature. The fluorescence decay, ∆I f (t) and I F (t)/I 0 (t) observed in vacuo are shown in Figure 6 . The LE fluorescence shows a biexponential decay, as found at atmospheric pressure ( Table 2 ). The lifetime and preexponential factor of each decay component are shown in Table 2 . The LE fluorescence is quenched by F even at early times, which is similar to the result observed at atmospheric pressure. In contrast with these results, however, the time dependence of ∆I f (t) is different from that of the fluorescence decay, indicating that the fluorescence decay times are influenced by F. In fact, I F (t)/I 0 (t) is not constant over the entire decay, but decreases with increasing time. As shown in Table 2 , the decay time becomes shorter and the preexponential factor becomes smaller in the presence of F. The latter is caused by the field-induced increase in the charge transfer in the reaction from the LE to the CT state, which results in a change in population of the LE and CT states. The former implies that the CT decay time becomes shorter in the presence of an electric field, when the LE and CT states are regarded as being in equilibrium. A clear interpretation can, however, at present not be given to explain why the LE fluorescence decay time is influenced by F only under vacuum conditions.
Conclusions
Charge transfer (ICT) from the LE to the CT state occurs in DMABN doped in a polymer film of PMMA. The LE fluorescence is quenched by applying an electric field, whereas the CT fluorescence is enhanced by this field, suggesting that the ICT rate is accelerated by the application of an electric field. The similar field effects were observed both at room temperature and at a low temperature of 45 K, suggesting that a large amplitude motion is not necessary for either the ICT reaction of DMABN or its electric field dependence. Direct measurements of the fluorescence decay show that the LE/CT population ratio becomes smaller when an external electric field is applied, supporting the idea that the ICT rate is enhanced by an electric field. In the present experiments, however, the fast decaying component of the LE fluorescence ,whose rate is regarded as the ICT rate, could not be defined in PMMA. A much better time resolution may be necessary in emission measurements to separate the fast component of the LE fluorescence for the direct confirmation of the field effect on the ICT rate in PMMA. The measurements of the Stark shift in the absorption, LE fluorescence, CT fluorescence, and phosphorescence spectra of DMABN in PMMA led to values for the change in polarizability (∆R) and electric dipole moment (∆µ) between each excited state and the ground state. The magnitude of the change, ∆µ, between the phosphorescent state and the ground state is very small, which means that the T 1 state has a smaller dipole moment than the LE state. The intersystem crossing from the LE to the triplet state can therefore be regarded as a back charge-transfer process. 
